The effects of serum deprivation on several general cellular biochemical processes ("pleiotypic response") related to the growth of normal fibroblasts can be mimicked by treatment of these cells with prostaglandin El in the presence of serum. N8,02'-Dibutyryl adenosine 3': 5'-cyclic monophosphate and theophylline inhibit the membrane transport processes without much effect on other pleiotypic reactions such as overall protein and RNA synthesis and protein degradation. The amount of intracellular cyclic AMP increases during serum starvation and returns to the initial concentration in unstarved cells when growth is initiated again upon addition of serum. Fibroblasts transformed by simian virus 40 have a lower cyclic AMP content than their untransformed parents. Serum deprivation neither increases cyclic AMP content nor significantly affects the pleiotypic reactions in transformed cells. Cycloheximide causes a decrease in cyclic AMP content of normal fibroblasts coincidentally with the ability of this inhibitor to stimulate uridine transport and slow protein degradation in cells deprived of serum.
In normal cells, several biochemical parameters, including membrane transport, overall rates of protein and RNA synthesis, and protein degradation, fluctuate coordinately with changes in cell-growth rate. These mechanistically unrelated processes and their coordinated response to environmental changes comprise what we have defined as the "pleiotypic program" and "pleiotypic control," respectively. In malignant cells, the pleiotypic program and the rate of growth are relatively insensitive to changes in cultural conditions; we thus picture transformed cells as having a defect in the pleiotypic control mechanism (1) .
In cultured fibroblasts, insulin as well as serum activates the pleiotypic program (1, 2) . Moreover, the same set of reactions is regulated in many other cell types by specific hormones or growth factors. Thus, certain general features of hormonal regulation may also be exerted through the pleiotypic mechanism (1) .
We have postulated that a "mediator", probably formed at the cell membrane, coordinates the responses of the different reactions under pleiotypic control. Because of the resemblance of this regulatory program to "stringent control" in bacteria, we inquired whether guanosine 5'-diphosphate, 2'-or 3'-diphosphate (ppGpp) (a possible mediator of stringent control) (3, 4) could be involved in control in animal cells. However, this nucleotide was not detected in cultured 3T3 cells under conditions that should have elicited its appearance (5) .
In the meantime, numerous reports have implicated cAMP as a regulator of growth, morphology, and contact inhibition in cultured cells (6) (7) (8) (9) (10) (11) . We report here that altering the in- Intracellular cAMP concentrations were assayed by Gilman's method (14) . After two washes with 10 ml of ice-cold 25 mM K phosphate-100 mM NaCl (pH 7.4), cells were collected and the extracts were processed (15) . The (16) If cAMP were the mediator, exogenous nucleotide given to cells maintained in serum-containing medium should mimic the effects of serum deprivation. 0.5 mM Bu2cAMP significantly inhibits uridine transport ( Fig. 1 ) and the concomitant addition of 1 mM theophylline, an inhibitor of phosphodiesterase, further slows uridine transport almost to the rate detected in serum-deprived cells. Since the same inhibition is produced with 0.2 mM Bu2cAMP and 1 mM theophylline, these concentrations were used in later experiments. This combination of effectors also partially blocks the stimulation of uridine uptake brought about by readdition of serum to previously starved cells ( Fig. 2A) . Serum deprivation decreases leucine (1) and 2-deoxyglucose uptake (R. Kram, P. Mamont, and G. Tomkins, in preparation) and readdition of serum stimulates these processes ( Fig. 2B and C). As expected, the serum activation of these reactions was inhibited by Bu2cAMP and theophylline ( Fig. 2B and C) . Thus exogenous cAMP, as its dibutyryl derivative, has an effect similar to that of serum deprivation on the transport of an amino acid, a nucleoside, and a carbohydrate.
These findings may explain a previously noted stimulation of uridine and amino-acid transport by cycloheximide in cells (15) were used in the Gilman assay (14) . Blanks and phosphodiesterase-treated duplicates (11) produced values of at most 0.075 and 0.15 pmol of cAMP, respectively, whereas duplicate assays of 0.05-and 0.1-ml aliquots gave, respectively, 1 and 2 pmol of cAMP with the experimental samples containing the lowest concentration of the cyclic nuleotide. The data in Tables 1 and 3 are averages of the same four experiments; cells maintained with serum were harvested in two of these experiments. * Mean + SEM. subjected to serum or amino-acid starvation (1, 12) . We observed ( Table 2 ) that cycloheximide causes a decrease in cAMP concentration in both control and serum-starved 3T3 cells. As might be expected, cycloheximide cannot reverse the inhibition of uridine uptake produced by exogenous Bu2-cAMP and theophylline.
In addition, Bu2cAMP and theophylline almost completely inhibit the resumption of thymidine uptake and its incorporation into DNA initiated by the readdition of serum to previously starved cells (Fig. 3) . Later (not shown) this inhibition is overcome, and DNA synthesis resumes after a 10-to 16-hr delay, even when these effectors are added again to the medium. This-sequential inhibition and recovery may be explained by the recent reports (15, 17) the other hand, adenosine inhibits uridine, leucine, and 2-deoxyglucose uptake. This inhibition seems clearly different from that of Bu2cAMP since, as will be described in a later communication, cGMP overcomes the inhibition of transport by Bu2cAMP but not by adenosine, 5'-AMP, or 2':3'-cycic AMP. Furthermore, the prostaglandin (PGE1) inhibition of transport, like that of Bu2cAMP, is reversed by cGMP (R. Kram At time 0, media were removed and the cells were further incubated in the indicated media. Each value is the average of two experiments. The assays were as described under Table 1. synthesis and protein degradation. We therefore inquired whether a pharmacologically induced increase of intracellular cAMP might be more effective than the addition of its dibutyryl derivative to mimic the effects of serum deprivation. PGE1 has been shown to activate adenylate cyclase and to increase the endogenous cAMP concentrations in various lines of cultured fibroblasts, including 3T3 (15) (16) (17) (18) . PGE1 is also as effective as exogeneous Bu2cAMP in restoring normal morphology to malignant cells (9) .
Figs. 4A and 5A illustrate that 5 Ag/ml of PGE1 inhibits both uridine and leucine transport in 3T3 cells, although to a lesser extent than serum deprivation or the combination of Bu2cAMP and theophylline. Serum removal has only minor effects on the transport of adenosine (1) and PGE1 was found to inhibit it by 10-15%. Therefore, the incorporation of [aHiadenosine into acid-precipitable material was used as direct measure of the actual rate of RNA synthesis (1). In contrast, to estimate changes in protein synthesis by measurement of leucine incorporation, the data must be corrected for alterations in leucine transport. Fig. 5B illustrates that PGE1 inhibits RNA synthesis almost as effectively as serum deprivation. Comparison of Fig. 4A and B shows that the inhibition of protein synthesis by either serum or PGE1 is less striking than is the inhibition of RNA synthesis. Finally, as with serum deprivation, PGE1 appears to stimulate protein degradation, at least for the first 4 hr of treatment (Fig. 5C ).
Cellular cAMP concentration was increased to almost exactly the same extent (30%) 4 and 8 hr after either serum deprivation or PGE1 treatment, respectively (Table 3) . Although much less impressive than the dramatic early rise in cAMP concentration stimulated by prostaglandin (15, 16) , the increment seen here is identical to that previously reported in 3T3 cells after 3 hr of treatment (16) .
DISCUSSION
Cyclic AMP has been known for many years to mediate the effects of several hormones that control specific metabolic reactions. More recently, the cyclic nucleotide has been found to promote cell-specific patterns of differentiation (19) (20) (21) (22) (23) (24) (25) (26) (27) as well as to restore normal morphology and contact inhibition to malignantly transformed cells (7-10). In each experiment, the duplicates had less than 2% difference.
In this report, we present evidence for a different aspect of cAMP action, its "pleiotypic" effects: inhibition of the transport of diverse substrates, slowing of macromolecular synthesis, and stimulation of protein degradation. The conclusion that cAMP actually controls these processes is based on the following observations: (a) PGE, and serum starvation, both of which increase cAMP concentration in 3T3 cells, affect these pleiotypic parameters in a qualitatively similar manner. FI. .Th efctofPE1onte atsofurdneupae A) deosn icopraio B) adprtenderaaio () Epeiena codiins smolan PE cncnrain er s n i. ,an tedeeriatos er erore a esrie2erle () tracellular reactions. This could mean that the penetration of exogenous Bu2cAMP is limited (28) , whereas serum starvation and PGE1 generate sufficient intracellular cAMP to affect not only membrane processes but also protein degradation and macromolecular synthesis. The difference in distribution of cAMP between the intra-and extracellular compartments could also explain why PGE1 produces a lower and less sustained inhibition of transport than does Bu2cAMP. Conversely, the results could mean that serum starvation and PGE, affect the intracellular parameters by mechanisms independent of cAMP. Although we cannot definitely exclude the latter interpretation, we favor the former because cGMP reverses the inhibitory effects shared by Bu2cAMP and PGE, (R. Kram and G. M. Tomkins, in preparation). Despite these discrepancies, the evidence available leads us to conclude that increases in cAMP content are responsible largely if not entirely for the effects of serum starvation on general cell function. (We cannot of course exclude the possibility that other substances might also control some or all of the pleiotypic processes by cAMP-independent mechanisms.) Although we have investigated the pleiotypic reactions only in cultured fibroblasts, a review of the literature (1) has suggested that this type of control occurs in many other celltypes. As a result of the present studies we imagine that cAMP mediates the pleiotypic response in these other cells as well (e.g., 26, 29) .
Several workers have shown that malignantly transformed cells have either lower adenylate cyclase activity (6) or lower cyclic AMP concentrations (11, 16) than their normal counterparts. We confirm these observations in our cell-lines 3T3 and SV 40-transformed 3T3. In addition we note the correlation between the failure of serum deprivation both to increase the cAMP concentration and to affect the pleiotypic reactions (1) in the transformed cells. Since cAMP influences several transport and macromolecular processes, the lack of regulation of these parameters in malignant cells might be explained by aberrations in the control of cAMP content or in the action of this effector.
Even though we have introduced an arbitrary distinction between the effects of cAMP on specific differentiated functions (30) and on the more general pleiotypic parameters of growth, we do not wish to imply that the molecular mechanisms of cAMP action need be different in the two cases. It is generally agreed that protein kinase activation is the basis for the cAMP-mediated effects on specific cellular functions, such as the glycogenolysis. On the other hand, the inhibitory pleiotypic effects of cAMP also appear to depend on protein kinase activity. Recent experiments show that lymphosarcoma cell variants containing reduced activity of the kinase are resistant to the growth inhibitory effects of added cAMP (31) .
There is no contradiction between the stimulatory effect of cAMP on the expression of differentiated functions and the conclusion that the cyclic nucleotide inhibits certain general aspects of cell function. Cell biologists have long recognized that growth and differentiation are, as a rule, mutually exclusive. It appears likely from these considerations that the concentration of cyclic AMP plays a role in determining which of these two modes of cellular behavior is predominant. 
